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Ex Vivo Observation of Human Nucleus Pulposus Chondrocytes 
Isolated From Degenerated Intervertebral Discs 
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Study Design: We performed an ex vivo study to observe cell morphology and viability of human nucleus pulposus (NP) 
chondrocytes isolated from degenerated intervertebral discs (IVD). 

Purpose: To better understand the biological behavior of NP chondrocytes in monolayer cultures. 

Overview of Literature: Biological repair of IVDs by cell-based therapy has been shown to be feasible in clinical trials. As 
one of the most promising transplanting seeds, how the isolated NP chondrocytes behavior ex vivo has not been fully 
understood. 

Methods: Human NP chondrocytes were harvested from 20 degenerated IVDs and cultured in monolayers. Histological and 
immunochemistry staining was used to detect cell morphology change. Cell viability was studied by analyzing cell cycle 
distribution and apoptotic rate in the primary and subculuted cells. 

Results: The round or polygonal primary NP chondrocytes had an average adherence time of 7 days and took nearly 31 
days to reach 95% confluence. The spindle-shaped PI NP chondrocytes increased growth kinetics and took about 12 hours 
to adhere and 6.6 days to get 95% confluent. Immunochemistry staining of collagen II was positive in the cell cytoplasm. 
Nearly 90% of the confluent NP chondrocytes stayed in Gl phase while 16% underwent apoptosis. No significant difference 
of the collagen II expression, cell cycle distribution or the apoptosis indices were detected between the primary and subcul- 
tured NP chondrocytes. 

Conclusions: Human NP chondrocytes undergo significant morphological change in monolayer cultures. Cell cycle distribu- 
tion pattern and apoptosis index of the cutured NP chondrocytes potentially influence their clinical transplantation or labo- 
ratory use. 
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Introduction 




Disorders related to low back pain (LBP) are imposing a 
great economic burden on health care system. In the United 
States, about $19.6-50 billion in annual health costs are 
directly or indirectly accredited to LBP [1]. Although more 



than 20% of all LBP originates from the degenerative 
change of intervertebal discs (IVDs), the exact mechanism 
by which the IVD degenerates remains largely unknown 
[2]. 

Healthy human IVDs contain a small cell population that 
occupies less than 1% of the total disc volume [3]. These 
cells are surrounded by an extracellular matrix (ECM) that 
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Fig. 1. The current understanding of biological behavior of nucleus pulposus chondrocytes within the intervertebral 
disc (IVD). A healthy human IVD contains a small cell population that occupies less than 1% of the total disc vol- 
ume. Throughout life, disc cells are constantly challenged by a stressful microenvironment such as hypoxia, a limited 
supply of nutrition and various mechanical loadings. In response to those specific microenvironments, an extensive 
index of apoptosis and cellular senescence is observed. Besides that, a network of cellular function change has also 
been demonstrated by many in vivo studies. Our understanding about IVD pathophysiology is mainly based on the 
biological behaviors of disc cells, which are being widely tested for use to biologically repair IVD degeneration. 
However, it remains largely unknown whether these disc cells maintain or change their biological behaviors after iso- 
lated from IVD. RB: Retinoblastoma, TNF-a: Tumor necrosis factor-a, TNFR: TNF receptor, IL-1/?: Interleukin-1/?, 
TWEAK: Tumor necrosis factor-like weak inducer of apoptosis, MMP: Matrix metalloproteinases, TIMP: Tissue 
inhibitors of metalloproteinases, IGF-1: Insulin growth factor- 1, IGFR: IGF receptor; Col: Collagen. 
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mainly consists of collagens and proteoglycans. With aging 
and degeneration, a gradual process of cellular loss and 
degrading the ECM happens within the IVD [3,4]. 

In order to reverse further decrease of cell numbers and to 
restore the functional matrix content, biological repair of 
IVDs by cell-based therapy has been shown to be feasible in 
clinical trials [5]. As reported in the EuroDISC multi-center 
study, percutaneous reinjection of autologous disc cells 
potentially provides long-term pain relief and this maintains 
disc height. More efficient ways to get enough qualified 
seed cells and a comprehensive understanding of their bio- 
logical behaviors are becoming more and more fundamental 
to the future clinical applications [2,5]. 

Throughout life the disc cells are constantly challenged 
by a stressful microenvironment such as hypoxia [6], a lim- 
ited supply of nutrition [7], and various mechanical load- 
ings [8]. An extensive spectrum of apoptosis and cellular 
senescence changes is observed in response to those specif- 
ic microenvironments [9,10]. Besides that, a network of cel- 
lular function change has also been demonstrated by many 
in vivo studies (Fig. 1). These changes include, but are not 
limit to the increased inflammatory cytokines and activated 
matrix degrading enzymes [11-13], decreased anabolic abil- 
ities and lost chondrocyte phenotypes [14,15]. Although the 



alteration of cell biological behavior is supposed to trigger 
and/or accelerate the degeneration change within IVDs, our 
current information about how the isolated cells behavior ex 
vivo and their potential effects on their clinical or experi- 
mental use is limited [15-19]. The present work aimed to 
observe human nucleus pulposus (NP) chondrocytes in 
monolayer cultures and provide more information about 
their ex vivo biological behaviors. 



Materials and Methods 




1 . Tissue source 

IVDs from 20 donors were collected from Orthopedic 
Department of Zhongda hospital. Fifteen donors underwent 
microendoscopic discectomy (MED) for lumber disc herni- 
ations. Posterior lumber interbody fusion (PLIF) was per- 
formed in five patients with spondylolysis (Table 1). Pfir- 
rmann' s classification was used to grade the extent of disc 
degeneration in each subject [20]. Disc tissues were collect- 
ed under sterile conditions and they were transported in 
high glucose Dulbecco modified Eagle medium (HG- 
DMEM, Gibco-BRL, Rockvill, MD, USA) at 0°C . All the 
biopsies were delivered to the laboratory for processing of 



Table 1. Summary of clinical and demographic features in the study population 



Subject No 


Age (yr)/Gender 


Pfirmann Score 


Disc level 


Disease/Operation 


1 


43/F 


3 


L4/L5 


LDH/MED 


2 


39/M 


4 


L3/L4 


Spondylolysis/PLIF 


3 


48/F 


4 


L4/L5 


Spondylolysis/PLIF 


4" 


59/F 


3 


L5/S1 


LDH/MED 


5* 


41/F 


3 


L5/S1 


LDH/MED 


6"< 


46/M 


3 


L4/L5 


LDH/MED 


1" 


27/M 


3 


L4/L5 


LDH/MED 


8» 


38/F 


4 


L5/S1 


LDH/MED 


9» 


28/M 


3 


L4/L5 


LDH/MED 


10 b) 


46/F 


4 


L4/L5 


LDH/MED 


ir 


59/M 


4 


L5/S1 


LDH/MED 


12 


55/M 


4 


L5/S1 


Spondylolysis/PLIF 


13 


22/M 


3 


L5/S1 


LDH/MED 


14 


26/M 


3 


L4/L5 


LDH/MED 


15 


56/F 


4 


L5/S1 


Spondylolysis/PLIF 


16 


55/F 


4 


L4/L5 


Spondylolysis/PLIF 


17" 


49/M 


3 


L4/L5 


LDH/MED 


18" 


34/F 


3 


L5/S1 


LDH/MED 


19" 


30/F 


3 


L5/S1 


LDH/MED 


20" 


49/F 


4 


L4/L5 


LDH/MED 



F: Female, M: Male, LDH: Lumber disc herniation, MED: Microendoscopic discectomy, PLIF: Posterior lumber interbody fusion. 
"Used for cell cycle analysis, b Used for apoptosis detecting, 'Failed to culture. 
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Table 2. Cell cycle distribution and apoptosis of confluent human nucleus pulposus chondrocytes (mean ± standard deviation, n = 4) 



Passage 




Cell cycle distribution (%) 




Apoptosis (%) 




Gl 


S 


G2/M 




Primary 


89.7 ± 2.5 


6.2 ± 3.1 


4.0 ± 0.8 


14.17 ± 5.3 


Passage 1 


91.7 + 1.6 


7.5 ± 2.3 


0.8 ± 1.6 


19.17 ± 11.0 



the cell cultures within 30 minutes. This study was 
approved by Southeast University's ethics committee and 
informed written consent was obtained from all the donors. 

2. Cell isolation 

The NP tissues were identified by their macroscopic mor- 
phology and they were carefully separated from the end- 
plates or annulus. After being washed twice in phosphate 
buffered saline solution (PBS, Sunbio, Beijing, China), the 
selected tissues were digested at 37 °C by incubation for 4 
hours in 0.025% human type II collagenase (Sigma- Aldrich, 
St. Louis, MO, USA). The released cells were filtered 
through a 100 /on cell-strainer and centrifuged at 1,500 rpm 
for 5 minutes, and then they were suspended in HG-DMEM 
and counted. HG-DMEM containing 10% fetal bovine 
serum (Sijiqing Biological Engineering Materials Co., 
Hangzhou, China), 100 /<g/ml penicillin and 100 /<g/ml 
streptomycin was used as the cell culture medium. All the 
cells were seeded at 5,000 cells/cm 2 and cultured at 37°C 
under conditions of 95% humidity and 5% CO2. The cultur- 
ing media was replaced twice a week, with the exception 
that the primary cells were allowed more time (6.9 ± 1.1 
days) to adhere before the first change of the culture media. 
The confluent cells were dissociated by 5% trypsin (Sigma- 
Aldrich) that contains 1% ethylenediaminetetraacetic acid 
(EDTA), and they were split 1 : 2 for subculturing. 

3. Morphology observation 

For the morphology observation, 6-well culture plates 
(Corning Co., Lowell, MA, USA) with an additional cover- 
glass in each well were used. The primary or PI NP chon- 
drocytes that adhered on the coverglass were experimented 
with, respectively, for (1) observation of the morphological 
change under an inverted phase contrast microscope (Zeiss, 
Jena, Germany), (2) hematoxylin and eosin (HE) staining: 
briefly, the coverglasses were washed with PBS then they 
were fixed in 4% paraformaldehyde for 30 minutes, fol- 
lowed by consecutive staining in hematoxylin and eosin, (3) 
toluidine blue staining: the coverglasses that were washed 



and fixed as in the HE staining were immersed for 2 hours 
in 1% toluidine blue solution (KeyGen Biotech Co., Nan- 
jing, China), and then they were rinsed in 95% ethanol, (4) 
immunohistochemistry staining of collagen II: the endoge- 
nous peroxidase was blocked by 3% H2O2 in methanol, and 
then the coverglasses were incubated for 30 minutes with 
anti-human type II collagen antibody (Abeam, Cambridge, 
MA, USA) at a 1 : 50 dilution. The secondary antibody 
linked with avidin-biotin-peroxidase (Abeam) and 
diaminobenzadine substrate solutions were used to visualize 
the immunoreactivity, followed by counterstaining in hema- 
toxylin. Negative control was processed without anti-human 
type collagen antibody. Based on the optical density of the 
staining, the collagen II expressions were quantified by a 
LeicaQ550IW image analysis system using LeicaQwin Pro 
ver. 2.2 software (Leica Microsustems Imaging Solutions 
Ltd., Cambridge, UK). 

4. Cell viability study 

The NP chondrocytes were cultured in 75 cm 2 flask 
(Corning Co.) before used for (1) growth kinetics observa- 
tion: the average time to adhere and to reach 95% confluent 
was compared between the primary and PI NP chondro- 
cytes. (2) Analysis of cell cycle distribution: a KGA5 1 1 PI 
kit (KeyGen Biotech Co.) and flow cytometry were used for 
the cell cycle analysis. Briefly, the cells were detached by 
5% trypsin with 1% EDTA and they were fixed with 70% 
ice-cold ethanol, then they were digested with 100 f& RNase 
A at 37°C for 30 minutes and stained with 100 fA propidium 
iodide (PI) for 30 minutes in dark. The filtered samples 
were then analyzed for cell cycle content on a FACScan cell 
sorter using Cell Quest software (Becton Dickinson, Moun- 
tain View, CA, USA), and the percentages of cells in the 
Gl, S, and G2/M phase were determined by ModFit LT 
software (Verity Software House, Topsham, ME, USA). (3) 
Detection of apoptotic rate: cellular apoptosis was identified 
by the KGA107 Annexin-V/PI kit (KeyGen Biotech Co.) 
and quantified by flow cytometric analysis. According to 
the manufacturer's instructions, the cells were detached by 
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5% trypsin without EDTA and next centrifuged at 2,000 
rpm for 5 minutes, and then the cell pellet was suspended in 
500 fA binding buffer and reacted with 5 fi annexin V-FITC 
and 5 /A PI at room temperature for 10 minutes in dark, fol- 
lowed by counting of 10,000 cells using a FACScan cell 
sorter within 1 hour. The apoptotic cells, including those 
staining positive for annexin V-FITC and negative for PI 
and those that were double positive, were counted and rep- 
resented as a percentage of the total cell count. 

5. Statistical analysis 

All the data is presented as mean values + standard devi- 
ation of independent experiments. Differences were consid- 



ered significant when the p < 0.05, based on paired Stu- 
dent's Mest for comparison of two samples. All the analy- 
ses were performed with SPSS ver. 11.0 (SPSS Inc., Chica- 
go, IL, USA). 

Results 

1 . Cells isolated from the degenerated human IVDs 

All of the 20 NP tissues were digested by 0.025% type II 
collagenase and NP chondrocytes were released. The prima- 
ry NP chondrocytes in 4 NP tissues, all harvested from the 
herniated L4/5 discs by MED, failed to adhere before the 
first time of replacing the culture media. The isolated cells 




CD) 



Fig. 2. Morphologic change of human nucleus pulposus (NP) chondrocytes in a monolayer culture (under an inverted 
phase contrast microscope). The freshly isolated NP chondrocytes (A) were rounded (black arrow) and mixed up 
with a certain number of red blood cells (white arrow). After adherence (B), the NP chondrocytes became polygonal 
with short processes (black arrow) or they changed to a spindle shape (white arrow); As the primary NP chondrocytes 
proliferated (C) and subcultured (D), more cells demonstrated a spindle shape (white arrows) in the monolayer cul- 
tures ( X 250). 
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from the other 16 NP tissues were successfully cultured and 
subcultured. Neither over-digestion nor germ contamination 
was evident during the processing of the cell culture. 



2. The cell morphology changed in the monolayer 
culture 

The freshly isolated NP chondrocytes were rounded and 





Fig. 3. Cytochemistry staining of the primary (A, C, E) and subcultured (B, D, F) nucleus pulposus (NP) chondro- 
cytes. To visualize the cell morphologic changes in the monolayer cultures, the cytoplasm of the NP chondrocytes 
was stained red by hematoxylin and eosin staining (A, B; X 200), blue by toluidine blue staining (C, D; X 250) and 
brown by type II collagen immunochemistry staining (E, F; X 200), respectively. The rounded or polygonal (black 
arrows) primary NP chondrocytes changed to a spindle shape (white arrows) after subculture. No significant decrease 
in the type II collagen expressions was detected between the primary and passage 1 human NP chondrocytes. 
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mixed up with a certain number of red blood cells. After 
adherence, NP chondrocytes became polygonal with short 
processes or changed to a spindle shape (Fig. 2). The 
adhered NP chondrocytes were then purified by washing 
away the red blood cells during changing culture media. To 
visualize the cell morphology change in the monolayer cul- 
tures, the cytoplasm of NP chondrocytes was stained red by 
HE staining, blue by toluidine blue staining and brown by 
type II collagen immunochemistry staining respectively 
(Fig. 3). More NP chondrocytes were observed to demon- 
strate a spindle shape morphology as the cells proliferated 
and were subcultured. No change in type II collagen expres- 
sions was seen between the primary (151.64 ± 15.07, n = 
16) and PI (151.24 + 14.47, n = 16) NP chondrocytes (p > 
0.05). 

3. The subcultured NP chondrocytes had increased 
growth kinetics 

When seeded at the density of 5,000 cells/cm 2 and cul- 
tured under unified conditions, the primary NP chondro- 
cytes adhered much slower (6.9 + 1.1 days, n = 16) than 
did the subcultured (0.5 ±0.1 days, n = 16) NP chondro- 
cytes (p < 0.05). The PI NP chondrocytes also demonstrat- 
ed increased growth kinetics by more quickly reaching (6.6 
+ 2.3 days, n = 16) to 95% confluent than that of the pri- 
mary (31.3 ± 7.0 days, n = 16) NP chondrocytes (p < 
0.05). 

4. No significant difference in the cell cycle distribu- 
tion and apoptotic rate existed between the prima- 
ry and P1 NP chondrocytes 

The NP chondrocytes from 8 patients were chosen to ana- 
lyze cell cycle distribution and the cellular apoptosis rate in 
the monolayer cultures. When the NP chondrocytes reached 
95% confluent, about 90% of the cells were in the Gl phase 
while 16% of the cells underwent apoptosis (Table 2). No 
significant difference was noticed between the primary and 
subcultured NP chondrocytes in terms of the cell cycle dis- 
tribution and the apoptotic rate. 




For the biological repair of IVD degeneration, NP chon- 
drocytes have been widely used to test the feasibility of 
gene therapy [21], injecting growth factors [22], and the 



transplantation of autologous cells [5]. Although disc cells 
can be harvested from IVDs by several different methods 
[15-19], our current understanding about their ex vivo bio- 
logical behavior is quite limited. In this study, we isolated 
human NP chondrocytes by 0.025% type II collagenase 
digestion and we had an 80% (16/20) rate of success. The 
monolayer culture system was chosen to provide the most 
fundamental information about their ex vivo behavior 
because three-dimension cultures and bioreactors have been 
reported to significantly influence the biological response of 
disc cells [18,23]. 

Despite the lack of specific molecular markers to identify 
cells of IVD origin, NP chondrocytes are generally accepted 
to be chondrocyte-like cells that constitutively express col- 
lagen II and proteoglycans [2]. Previous studies also noticed 
a characteristic dedifferentiation of NP chondrocytes in 
monolayer cultures [16-18]. In this present work, the chon- 
drogenic phenotype of the freshly isolated human NP chon- 
drocytes was evidenced by the rounded morphology and 
type II collagen staining. After being proliferated and sub- 
cultured in monolayers, the NP chondrocytes started to 
demonstrate the fibrotic phenotype by changing to a spindle 
shape morphology and there was a sharp increase of the 
growth kinetics. However, in contrast to the findings by 
Kluba et al. [18], no significant decrease of the type II col- 
lagen expression was found in the subcultured NP chondro- 
cytes. This was probably due to the limited culture period 
and the detection methods used in our study. 

Clinical trials of transplanting NP chondrocytes have 
highlighted that a sufficient number of qualified seed cells 
are prerequisite for cell based therapy [2,5]. Since NP chon- 
drocytes quickly dedifferentiates in monolayers, accumulat- 
ed proliferation or prolonged culture will eventually detract 
from the chondrocyte nature of the NP chondrocytes. Dis- 
cectomy procedures like MED and PLIF have provided 
convenient access for cell collection. However, more effi- 
cient ways to culture and expand human NP chondrocytes 
are still not available [15-19]. Our study revealed at least 
two difficulties during the process of culturing human NP 
chondrocytes. First, the freshly isolated cells were easily 
contaminated by red blood cells. Although these blood cells 
were gradually washed away when changing the culture 
medium, contamination of non-disc cells potentially delay 
the early purification and utilization of primary NP chon- 
drocytes. Second, the primary NP chondrocytes were diffi- 
cult to adhere and they propagated slowly in a monolayer. 
We found that freshly isolated cells took an average of one 
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week to adhere and one month to reach confluent. An 
important contributor to the slow growth kinetics was that 
most of the primary cells (about 90%) did not adhere before 
the first replacement of culture medium. Although they 
were given more time (6.9 + 1.1 days) to adjust themselves 
to the monolayer environment, the cells from 4 NP tissues 
eventually failed to adhere and they had to be washed away 
during the change of culture medium. We once used a poly- 
lysine coated flask to culture the human NP chondrocytes, 
but no improvement in cell adherence was detected (data 
not shown). 

Our understanding about the IVD pathophysiology is 
mainly based on the biological behaviors of disc cells 
[3,4,6-10]. In vivo studies have demonstrated a network of 
cell function changes and accumulation of apoptotic or 
senescent cells during IVD degeneration [9,10,13,14]. To 
date, it remains largely unknown whether these disc cells 
maintain or change their biological behaviors after being 
isolated from an IVD. Here we found that when the NP 
chondrocytes reached 95% confluent in monolayer cultures, 
nearly 90% of the cells stayed in Gl phase and 16% under- 
went apoptosis. The confluent cells were chosen for study 
since the time of 95% confluence, and this is the generally 
accepted time point for subculture or experiment use. 

Some researchers have suggested that cells from more 
degenerative discs were poorly suited for IVD regeneration 
[10]. The high index of apoptosis in the cultured NP chon- 
drocytes supported this point of view. Unlike apoptosis, 
which symbolizes the ending of cellular events [9], senes- 
cence is a programmed process of permanent Gl-S transi- 
tion arrest [10]. Senescent cells no longer proliferate, but 
they still maintain their metabolic activity and they stay 
long enough to accumulate within the IVD [24,25]. 
Although we did not quantify the senescent rate by senes- 
cence-associated /J-gal staining [10,24], a dominant distrib- 
ution in the Gl cycle was evidenced in the ex vivo degener- 
ated human NP chondrocytes. Le Maitre et al. [24] reported 
that cell turnover was extremely slow in the IVD. The Gl-S 
transition arrest of NP chondrocytes potentially contributes 
to their low growth kinetics. Interestingly, we observed an 
increase of growth kinetics in the subcultured NP chondro- 
cytes, but we detected no significant improvement in the 
Gl-S transition. Our data suggests that it is the adherence 
efficiency other than the cell cycle distribution that mostly 
influences cellular expansion in monolayer cultures. Further 
work is underway in our lab to investigate why most of the 
primary NP chondrocytes can not adhere and whether or not 



they are all senescent. 

This research helps us to better understand the biological 
behavior of human NP chondrocytes in monolayer cultures. 
Change in cell morphology and growth kinetics reveal the 
difficulties in the ex vivo expansion of degenerated disc 
cells. Cell viability in terms of apoptosis or senescence 
should be taken into consideration when these cells are uti- 
lized for testing the feasibility of biological repair of IVDs. 
Future work should provide more information about the 
changes of behavior of disc cells after they are isolated from 
IVDs. 




Human NP chondrocytes undergo significant morpholog- 
ical change in monolayer cultures. Cell cycle distribution 
pattern and apoptosis index of the cutured NP chondrocytes 
potentially influence their clinical transplantation or labora- 
tory use. 
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